APPARATUS AND METHOD FOR COUPLING LIGHT TO A THIN FILM 

OPTICAL WAVEGUIDE 



STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0001] This invention was made with United States Government support under 
Agreement No. 70NANB1H3056 awarded by the National Institute of Standards and 
Technology (NIST). The United States Government has certain rights in the invention. 

FIELD OF THE INVENTION 

[0002] This invention relates to optical waveguides, and more particularly to 
optical waveguides that can be used in optical recording and thermally assisted magnetic 
recording. 

BACKGROUND OF THE INVENTION 
[0003] In thermally assisted optical/magnetic data storage, information bits are 
recorded on a layer of a storage medium at elevated temperatures, and the heated area in 
the storage medium determines the data bit dimension. In one approach, an 
electromagnetic wave in the form of light is used to heat the storage medium. For 
recording, it is preferred to have a high light throughput to the storage layer of the 
medium. 

[0004] Heat assisted magnetic recording (HAMR) generally refers to the concept 
of locally heating a recording medium to reduce the coercivity of the recording medium 
so that the applied magnetic writing field can more easily direct the magnetization of the 
recording medium during the temporary magnetic softening of the recording medium 
caused by the heat source. Heat assisted magnetic recording allows for the use of small 
grain media, which is desirable for recording at increased areal densities, with a larger 
magnetic anisotropy at room temperature to assure sufficient thermal stability. Heat 
assisted magnetic recording can be applied to any type of magnetic storage media, 
including tilted media, longitudinal media, perpendicular media and patterned media. 

[0005] Heat assisted magnetic recording requires an efficient technique for 
delivering large amounts of light power to the recording medium confined to spots of, for 
example, 50 nm or less. Recent designs of HAMR recording heads include a thin film 
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waveguide on an AlTiC slider to guide light to a storage medium for localized heating of 
the storage medium. To launch light into the waveguide, a grating coupler can be used. 
Due to the limited size of the slider, the size of the incident beam is only -50 jam. At this 
beam size and with conventional symmetric surface-corrugation grating couplers, 
coupling efficiency from the incident beam to the waveguide is low (< 20%). 

[0006] To increase coupling efficiency, a highly reflective layer/mask, called a 
mirror, can be used to reflect the beam transmitted through the grating and waveguide 
back into the grating region. 

[0007] There is a need for a waveguide that can provide increased efficiency for 
coupling an electromagnetic wave into a waveguide. 

SUMMARY OF THE INVENTION 

[0008] This invention provides an optical waveguide comprising a core guiding 
layer; a cladding layer positioned adjacent to the core guiding layer; a reflective layer 
positioned adjacent to the cladding layer; and a grating for coupling light into the 
waveguide; wherein the cladding layer has a thickness such that a ray reflected from the 
reflective layer is phase matched to an incident ray at the grating. 

[0009] In another aspect, the invention encompasses an optical waveguide 
comprising a core guiding layer; a cladding layer positioned adjacent to the core guiding 

X 2/L 

layer; and a grating having a period A of < A < , for coupling light into the 

n ejf n eff + n s 

core guiding layer, wherein n e ffis the effective refractive index of the waveguide, n s is the 
refractive index of the cladding layer, and A is the wavelength of an electromagnetic 
wave. 

[0010] In another aspect, the invention provides a method of coupling 
electromagnetic radiation into optical waveguide including a core guiding layer, a 
cladding layer positioned adjacent to the core guiding layer, a reflective layer positioned 
adjacent to the cladding layer, and a grating for coupling light into the core guiding layer, 
the method comprising: directing first and second rays onto the grating, wherein the first 
and second rays are in phase with each other and wherein the cladding layer has a 
thickness such that the first ray reflected from the reflective layer is phase matched to the 
second ray at the grating. 
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[0011] The invention also encompasses a method of coupling electromagnetic 
radiation into optical waveguide including a core guiding layer, a cladding layer 
positioned adjacent to the core guiding layer, a reflective layer positioned adjacent to the 
cladding layer, and a grating for coupling light into the core guiding layer, the method 
comprising: directing electromagnetic radiation onto the grating to create a guided mode 
in the guiding layer, wherein radiated rays from the guided mode into the cladding layer 
are in-phase or have a phase difference of multiple 2n. 

[0012] Recording heads that include the waveguide, and disc drives that include 
the recording heads are also included. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a pictorial representation of a magnetic disc drive that can 
include magnetic heads constructed in accordance with this invention. 

[0014] FIGs. 2, 3, 4 and 5 are schematic representations of waveguides 
constructed in accordance with this invention. 

[0015] FIG. 6 is a side elevation view of a slider that can include the waveguides 
of this invention. 

[0016] FIGs. 7, 8, 9 and 10 are schematic diagrams that illustrate the operation of 
the waveguides of this invention. 

[0017] FIGs. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 21 are graphs of calculated 
data illustrating various features of the waveguides of this invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0018] This invention encompasses waveguides that can be used in magnetic and 
optical recording heads for use with magnetic and/or optical recording media, as well as 
magnetic and/or optical recording heads that include such devices and disc drives that 
include the recording heads. FIG. 1 is a pictorial representation of a disc drive 10 that 
can utilize recording heads constructed in accordance with this invention. The disc drive 
includes a housing 12 (with the upper portion removed and the lower portion visible in 
this view) sized and configured to contain the various components of the disc drive. The 
disc drive includes a spindle motor 14 for rotating at least one data storage medium 16 
within the housing, in this case a magnetic disc. At least one arm 18 is contained within 
the housing 12, with each arm 18 having a first end 20 with a recording and/or reading 
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head or slider 22, and a second end 24 pivotally mounted on a shaft by a bearing 26. An 
actuator motor 28 is located at the arm's second end 24, for pivoting the arm 18 to 
position the head 22 over a desired sector of the disc 16. The actuator motor 28 is 
regulated by a controller that is not shown in this view and is well-known in the art. 

[0019] For heat assisted magnetic recording, an electromagnetic wave of, for 
example, visible, infrared or ultraviolet light is directed onto a surface of a data storage 
medium to raise the temperature of a localized area of the medium to facilitate switching 
of the magnetization of the area. This invention provides an efficient means of coupling 
an electromagnetic wave to a planar waveguide, which can be used to direct the 
electromagnetic wave to the surface of a recording medium. 

[0020] FIG. 2 is a schematic representation of a portion of a waveguide 30 
constructed in accordance with this invention. The waveguide includes a guiding core 
layer 32, a cladding layer 34 adjacent to the core layer, and a highly reflective layer 36 
adjacent to the cladding layer. A cover layer 38, which can be air, is positioned adjacent 
to the guiding core. A grating 40 is positioned at the interface between the cover layer 
and the guiding core. A coherent source of electromagnetic radiation, such as a laser, 
produces a polarized beam of light illustrated by optic rays 42, 44 and 46, that is incident 
on the grating. Arrow 48 represents light that is coupled into the waveguide. In FIG. 2, 
the grating coupler is at the interface between the cover layer and the guiding core layer, 
and is formed by periodic grooves in the guiding layer. This arrangement is referred to as 
surface-corrugation. The groove profiles can be rectangular and oriented perpendicular 
to the direction of propagation of the light in the guiding layer. Alternatively, the groove 
profiles can be sinusoidal or blazed. 

[0021] FIG. 3 is a schematic representation of a waveguide 60 constructed in 
accordance with this invention. The waveguide includes a guiding core layer 62, a 
cladding layer 64 adjacent to the core layer, and a highly reflective layer 66 adjacent to 
the cladding layer. A cover layer 68, which can be air, is positioned adjacent to the 
guiding core. A grating 70 is positioned at the interface between the cover layer and the 
guiding core. A coherent source of electromagnetic radiation, such as a laser, produces a 
polarized beam of light illustrated by optic rays 72, 74 and 76 that illuminates the grating. 
Arrow 78 represents light that is coupled into the waveguide by ridges on the guiding 
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layer. The example of FIG. 3 is also referred to surface-corrugation. The ridges can be 
rectangular and oriented perpendicular to the direction of propagation of the light in the 
guiding layer. Alternatively, the ridges can be sinusoidal or blazed. 

[0022] FIG. 4 is a schematic representation of a waveguide 90 constructed in 
accordance with this invention. The waveguide includes a guiding core layer 92, a 
cladding layer 94 adjacent to the core layer, and a highly reflective layer 96 adjacent to 
the cladding layer. A cover layer 98, which can be air, is positioned adjacent to the 
guiding core. A grating 100 is positioned at the interface between the cover layer and the 
guiding core. A coherent source of electromagnetic radiation, such as a laser, produces a 
polarized beam of light illustrated by optic rays 102, 104 and 106 that is delivered to the 
grating. Arrow 108 represents light that is excited in the waveguide. In FIG. 4, the 
grating coupler is at the interface between the guiding core layer and the cladding layer 
adjacent the mirror layer, and is formed by periodic grooves in the guiding layer. This 
arrangement is referred to as cladding-corrugation. 

[0023] FIG. 5 is a schematic representation of a waveguide 120 constructed in 
accordance with this invention. The waveguide includes a guiding core layer 122, a 
cladding layer 124 adjacent to the core layer, and a highly reflective layer 126 adjacent to 
the cladding layer. A cover layer 128, which can be air, is positioned adjacent to the 
guiding core. A grating 130 is positioned at the interface between the cover layer and the 
guiding core. A source of electromagnetic radiation, such as a laser, produces a beam of 
light illustrated by arrows 132, 134 and 136 that is delivered to the grating. Arrow 138 
represents light that is transmitted in the guiding core layer, and is launched by ridges on 
the cladding layer. The example of FIG. 5 uses cladding-corrugation. 

[0024] FIGs. 2-5 show four possible configurations of grating couplers with a 
highly reflective layer. A beam of light is incident on a grating from a cover layer in 
FIGs. 2 and 3, or through a guiding layer in FIGs. 4 and 5. The cover layer can be free 
space, or another cladding layer. In FIGs. 2 and 3 the grating coupler is at the interface 
between the cover layer and the guiding (core) layer, referred to surface-corrugation 
hereafter. In FIGs. 4 and 5, the grating coupler is at the interface between the guiding 
layer and the cladding layer, called cladding-corrugation. 
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[0025] FIG. 6 is a side elevation view of a slider 150 that can include the 
waveguides of this invention. The slider includes an air bearing surface 152 that is 
positioned adjacent to a magnetic storage medium in the form of a disc 154. In operation, 
an air bearing 156 is formed between the spinning disc and the slider to prevent contact 
between the slider and the disc. A waveguide 158, which can be constructed in 
accordance with any of the disclosed examples of FIGs. 2, 3, 4 or 5, is mounted at one 
end of the slider. Light illustrated by rays 160 is supplied by a light source such as a 
laser, and is directed onto the waveguide, and a portion of the light is coupled into the 
waveguide by a grating coupler. A beam of light illuminates the slide where a thin-film 
waveguide is mounted. Light is coupled into the waveguide from free space, propagates, 
focused onto the magnetic disk for localized heating in assisting magnetic recording. The 
light is directed toward the storage medium as illustrated by arrows 164. If the slider is 
used in a magneto-optical recording application, a magnetic write pole 166 can be 
positioned adjacent to the waveguide to provide a magnetic write field. 

[0026] For HAMR optical waveguides, the beam of light illuminates the slider 

from free space, as shown in FIG. 6. This means that the wave vector k of the incident 
beam has a component toward the magnetic disc below the slide. Otherwise, extra 
optical components would be needed to shine the incident light onto a grating coupler. 

[0027] FIGs. 7 and 8 show emissions (radiation) of guided light in the waveguide 
propagating through the grating coupler. The waveguide 170 of FIG. 7 includes a core 
layer 172 and a cladding layer 174. A cover layer 176, which can be air, is positioned on 
the top of the guiding layer. Rays 178, 180 and 182 illustrate radiation of a propagation 
mode illustrated by arrow 184 into the cover layer. Rays 186, 188 and 190 illustrate 
radiation of a propagation mode into the cladding layer 174 for surface-corrugation. The 
waveguide 200 of FIG. 8 comprises a core layer 202, a cladding layer 204, and a cover 
layer 206. Rays 208, 210 and 212 illustrate radiation of a waveguide mode illustrated by 
arrow 214 into the cover layer. Rays 216, 218 and 220 illustrate radiation of a 
propagation mode into the cladding layer 204 for cladding-corrugation. In FIGs. 7 and 8, 
ni is the refractive index of the cover layer, no is the refractive index of the core layer, n s 
is the refractive index of the cladding layer, and do is the thickness of the guiding layer. 
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[0028] FIGs. 9 and 10 show the excitation of a waveguide mode, based on ray- 
optics. Waveguide 230 of FIG. 9 includes a guiding layer 232, a cladding layer 234, and 
a reflective layer 236, and a cover layer 238. Rays 240 and 242 represent the beam of 
light incident on the grating 244 from the cover layer. Grating 244 is positioned at the 
interface between the cover layer and the guiding layer. Ray 242 transmits through the 
guiding layer, illustrated by ray 248, and the cladding layer, illustrated by ray 250, and is 
reflected back at the interface between the cladding layer and the reflective layer. The 
reflected ray transmits through the cladding layer, as represented by ray 252, the guiding 
layer, as represented by ray 246, and meets with the incident ray 240 at the grating. 
Arrow 254 illustrates waveguide mode excited in the waveguide. 

[0029] Waveguide 260 of FIG. 10 includes a core layer 262, a cladding layer 264, 
a reflective layer 266, and a cover layer 268. Rays 270 and 272 represent a beam of light 
incident on the grating 274 from the cover layer. Grating 274 is positioned at the 
interface between the cover layer and the guiding layer. Ray 272 transmits through the 
guiding layer, illustrated by ray 278, and the cladding layer, illustrated by ray 280, and is 
reflected back at the interface between the cladding layer and the reflective layer. The 
reflected ray transmits through the cladding layer, as represented by ray 282, and meets 
with the transmitted ray 276 from the incident ray 270 at the grating. Arrow 284 
illustrates the excited waveguide mode propagating in the waveguide. 

[0030] In FIGs. 7 and 8, the angle of radiated beam into the cover layer is 0i and 
that of radiated beam into the cladding layer is 0 S , which are governed by the expression: 



Here nj is the refractive index of the cover layer, n s is the refractive index of the cladding 
layer, n^ is the effective refractive index of the guiding mode in the grating region, X is 
the wavelength of light in free space, A is the period of the grating, and m is an integer. 
For efficient coupling-in it is preferred that only one radiation beam, m = -1, escapes 
from the waveguide into the cover layer and the cladding layer, see FIGs 7 and 8, and all 
other modes with m * -1 are evanescent waves. Since n s > n { , this requires that: 



n i smO i = n s sin0 s = n eff + m — 



(i) 



n. 




(2a) 
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n etr -2 — 



> n, (2b) 



For the forward coupling-in shown in FIG.6, the above conditions (2a) and (2b) are 
simplified to: 

A <A< ^_ (3) 

n eff n eff + n s 

[0031] In Equation (3), the minimum value of A is to ensure forward coupling-in, 
while the maximum value of A is for only one radiation beam into the cladding layer. 
For instance, at X = 0.633 jam, nj = 1, no = 2.09, do = 0.1 jxm, n s = 1.47, TE 0 is the only 
guided mode, for a rectangular groove of 50% duty cycle on the top of the guiding layer 
at groove depth = 17 nm, and n^f = 1.612. Based on Equation (3), the range for groove 
period is: 0.393 (im < A < 0.41 jam. 

[0032] Moreover, for highly efficient coupling-in with the mirror configurations 

shown in FIGs. 7 and 8, it is required that two consecutive rays, for instance, rays 186 

and 188 shown in FIG. 7, or rays 216 and 218 shown in FIG. 8, be in-phase. The ray 

propagating in the waveguide hits the grating and radiates rays 186, 188, and 190 in FIG. 

7, or rays 216, 218, and 220 in FIG. 8. This means that: 

2d efr , v 
phase difference = k 0 \n 0 - sin 0 O • n s sin 0 ) = / • In (4a) 
cos# 0 

for surface-corrugation coupling-in, and: 

2d efr , v 

phase difference = k 0 — \n 0 - sin 6 Q • n s sin 0 S ) + </) = / • 2n (4b) 

cos 0 O 

for cladding-corrugation coupling-in, where / is an integer. The phase difference is the 
time difference, multiplied by the angular frequency of the electromagnetic wave, 

In 

between two rays. Here k 0 = — is the free-space wave number, d e fr is the effective 



guiding layer thickness in the grating region, 0 O (= arcsin 



H eff 



) is the angle of incidence 



of guided-mode rays, and § is Goos-Hanchen phase-shift of the guided mode ray striking 
at the cover/core interface. For TE modes: 
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^. 2t „-.W3. (5) 
n 0 cos 0 O 

[0033] For coupling-in shown in FIGs. 9 and 10, one portion of the incident beam 
is coupled into the waveguide and another portion of the incident beam transmits through 
the guiding layer to the cladding layer. Those waves that are coupled into the waveguide 
also partially radiate into the cover layer and the cladding layer. If the conditions of 
Equations (4a) and (4b) are satisfied, both the transmitted beam and the leaky (radiated) 
beam from the guiding layer into the cladding layer are in-phase. When a mirror is 
placed underneath the cladding layer, both the transmitted beam and the leaky beam will 
be reflected back to the grating region and superimposed on the incident beam in-phase 
by tuning the cladding layer thickness. In practice, for a given waveguide structure, the 
conditions of Equations (4a) and (4b) may be satisfied by timing the grating period, 
which varies the angle of incidence for the coupling-in. 

[0034] FIGs. 9 and 10 show the principle of determining the cladding layer 
thickness for surface-corrugation (FIG. 9) and for cladding-corrugation (FIG. 10). The 
cladding layer thickness is chosen such that: (1) the reflected beam from the mirror is 
phase-matched to the incident beam at the grating region, see rays 246 and 240 in FIG.9 
or rays 282 and 276 in FIG. 10; and (2) only a small amount of guided light gets absorbed 
in the mirror layer. To find the correct cladding layer thickness d s for efficient coupling- 
in, first find the condition where little light is coupled in. When ray 246 in FIG. 9 or ray 
282 in FIG. 10 (the reflected beam from the mirror) has a multiple of n phase-shift from 
ray 240 in FIG. 9 or ray 276 in FIG. 10, little light will be coupled into the waveguide. 
The minimum cladding layer thickness, d smy for a n phase-shift is: 



2*o 



^ ^ , >V -sin# r • /i: sm# , tl -sin# 0 • n. sin# _ n -sin# • n. sm# 

0.5d G — £ — l - +d 0 — 2 — 1 +d sm -?- *— J - 

cos0 G cos9 0 cos0 s 



+(f\ =7t (6a) 



for surface-corrugation, and: 



2*o 



05d ji c - sin fl G »n, sing, | rf n s -s infl, sinfl,. 



1 cos0 G ' sm cos0 s 



+ <j> x = n (6b) 



for cladding-corrugation. Here no is the effective index of the groove region, and dc is 
the depth of the groove. For a rectangular groove of 50% duty cycle and a sinusoidal 
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groove, n G = f° r surface-corrugation, and n G = ^j — for cladding- 

corrugation. Indices n i5 no, and n s are the refractive index for the cover layer, the guiding 
layer, and the cladding layer, respectively. Angles 0i, 9 G , 60, and 0 S are the angle of 
incidence in the cover layer, grating region, guiding layer, and cladding layer, as shown 
in FIGs. 9 and 10. Snell's law gives: 

n i sin#,. = n G s\n0 c = n 0 sin0 o = n s sin# 5 . (7) 

In equations (6a) and (6b), §\ is the phase shift when ray 250 in FIG. 9 or ray 280 in FIG. 
10 is reflected from the mirror layer. 

[0035] For efficient coupling-in the cladding layer thickness, d s t can be chosen 
from the range: 

d m + / cos 0 S < d s < d sm + (/ + 1) A cos G s I = 0, 1, 2, 3, • • • (8) 
2w 2« p 



Preferably: 



d s = d m + (/ + 0.5) -i- cos ^ / = 0, 1, 2, 3, • • • (9) 
2n r 



[0036] A guided wave traveling in a corrugated part of a waveguide may radiate 
into the media adjoining the waveguide, as shown in FIGs. 7 and 8. The amplitude of 
vector electric field in the guiding layer decays exponentially along the corrugated 
region: e'^ . Here a is the attenuation coefficient, and z is the distance away from the 
beginning of the corrugation. The attenuation coefficient a is related to the waveguide 
structure, groove geometry, and corrugation. There have been extensive studies on a. In 
practice, the a value can be tuned for optimal coupling by varying the groove depth 
and/or the groove duty cycle for a given waveguide structure. The optimal condition for 
efficiently coupling a Gaussian beam into a waveguide has been previously determined 
as: 

aw«0.68 (10) 
Here w is the 1/e 2 radius in the intensity I(z) of a Gaussian beam incident on the grating 
coupler: 



659667v 1 



- 11 - 



I(z) = I 0 exp 



_ 2 - (z - Z ° )2 



w 2 



01) 



[0037] For those simulated results shown in FIGs. 11-21, it is assumed that the 
core layer is Ta 2 0 5 and the cladding layer Si0 2 . The grating coupler has a rectangular 
groove profile with 50% duty cycle. A linearly polarized Gaussian beam of light is 
incident on the waveguide film from air. The beam has a full width of 50 (am at its 1/e 
intensity point at its waist. The center of the beam waist is on the surface of the 
waveguide. At the light wavelength X = 0.633 jim, the refractive index of the Ta2C>5 
guiding layer is n 0 = 2.09, and that of the SiO cladding layer n s = 1.47. The Ta 2 0 5 
guiding layer is 0.1 jam thick. The only guided mode in this waveguide is TE 0 . 

[0038] FIG. 1 1 shows the calculated coupling efficiency r| as a function of groove 
depth do for three cases without a mirror layer. Curve 340 corresponds to surface- 
corrugation with groove period A = 0.68 (im. Curve 342 also corresponds to surface- 
corrugation, but with A = 0.36 ^im. Curve 344 corresponds to cladding-corrugation with 
A = 0.36 |iim. It is seen that r| < 20% in surface-corrugation. In cladding-corrugation T] 
reaches 55% at the optimal depth d G = 50 nm. 

[0039] FIG. 12 shows the calculated attenuation coefficient a of guided wave in 
the grating region versus groove depth for both surface-corrugation and cladding- 
corrugation without a mirror layer, for a grating period of A = 0.36 jam. When the guided 
light propagates through the corrugation, it decays exponentially with a coefficient a. As 
expected, a increases with groove depth. The optimal groove depth for coupling the 50 
Urn Gaussian beam into the waveguide, according to Equation (10), is 0.68/25 = 0.027 
Hm" 1 , which corresponds to dc = 30 nm for the surface-corrugation, and do = 50 nm for 
the cladding-corrugation. This is consistent with the calculated coupling efficiency 
shown in FIG. 11. 

[0040] With a mirror placed underneath the cladding layer, most of the 
transmitted beam (into the cladding layer) and the leaky wave escaped from the guiding 
layer will be reflected back into the grating region, the coupling efficiency will be greatly 
increased if those waves are properly phase-matched to the incident beam in the grating 
region and the groove depth is optimized for a given sized incident beam. FIG. 13 shows 
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the calculated coupling-in efficiency versus groove depth for a surface-corrugation with 
A = 0.68 ^m, d G = 20 nm, and 0j = 42.5°. FIG. 14 shows the calculated coupling-in 
efficiency versus groove depth for a cladding-corrugation with A = 0.36 jim, do = 50 nm, 
and 0j = -12°. In FIG. 13, an aluminum layer is used for reflection. In FIG. 14, a gold 
layer is used for reflection. In the calculation the complex refractive index of the 
aluminum layer was assumed to be n r = 1.39 + j 7.65 and that of the gold layer was 
assumed to be n r = 0.183 + j 3.09. For the cladding layer thickness d s > 0.4 jim, the 
coupling efficiency r| varies periodically with the cladding layer thickness, and the peak 
coupling efficiency is much greater than that without a mirror layer. 

[0041] For the cladding-corrugation coupling efficiency shown in FIG. 14, 



7i. From Equation (6b), we get d sm = 0.165 |im. From Equation (8), we get: 
0.165 + 0.213/ <d s < 0.165 + 0.213 (/ + 1) . At the cladding layer thickness d s = 0.165 

jim, 0.378 jim, 0.59 jim, and 0.804 jim, little light is coupled into the waveguide, which 
is consistent with the full-vector calculation shown in FIG. 14. 

[0042] FIGs. 15, 16 and 17 show the calculated coupling efficiency versus the 
cladding thickness at various groove depths. FIG. 15 shows the calculated coupling 
efficiency versus the cladding thickness for a surface-corrugation with the coupling 
grating on the top of the film's surface (see FIG. 3), with a grating period A = 0.4 jim. 
FIG. 16 shows the calculated coupling efficiency versus the cladding thickness for a 
surface-corrugation with coupling grating deep into the core layer from the film's surface 
(see FIG. 2), with a grating period A = 0.36 |im. FIG. 17 shows the calculated coupling 
efficiency versus the cladding thickness for a cladding-corrugation with the coupling 
grating deep into the core layer from the core/cladding interface (see FIG. 4), with a 
grating period A = 0.36 jim. Since r| changes periodically with d s , the computation is 



done only over one period. For instance, in FIG. 15, n G = ^— — ^ =1.638 , <|>i = - 

0.7186 x 7i, do = 0.1 jam, at do = 20 nm, Q { = 5.14°, 
n G s\n6 G = n 0 sin# 0 = n s sin0 5 = sin(5.14°) = 0.0896. From Equation (6a), d sm is found 




1.47 2 +2.09 2 



= 1.8068, n G sin0 G =n s sin0 s = sin(-l 2°) = -0.2079, f = -0.721 
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to be 0.037 jam. From Equation (8), we get d sm +0.2149/ < d s < d sm + 0.2149 (/ + 1) . 

Taking / = 4, d s ranges from 0.896 jam to 1 . 1 1 1 |im for one period. 

[0043] From FIGs 15, 16 and 17 it is seen that, at an optimal cladding layer 
thickness and at an optimal groove depth, more than 70% coupling efficiency can be 
theoretically obtained at all cases studied. For the surface-corrugation configuration of 
FIGs. 15 and 16, r| is enhanced by a factor of 3.5 with the implementation of a gold 
mirror layer in the waveguide. The optimal groove depth for maximized coupling-in 
efficiency is a result of balancing the coupling-in with coupling-out for a given size 
incident beam, which is assumed to be 50 Jim in the simulation. With a gold mirror the 
optimal groove is shallower than that without a mirror, particularly for the surface- 
corrugation coupler configuration. 

[0044] FIGs. 18, 19 and 20 show the reciprocal of attenuation coefficient (j/ ) 

versus cladding thickness d s at various groove depths for the three cases shown in FIGs. 
15, 16 and 17. Physically, a also changes periodically with d s , so the computation is 

X 

carried out only over one period. At the cladding layer thickness d S2 = d sm + / cos^ , 

due to the destructive interference of the radiated beam escaping from the guiding layer 
with the beam reflected from the highly reflective layer, a is nearly zero. For the 
surface-corrugation configuration, a is strongly dependent on the d s . For the cladding- 
corrugation configuration, however, this dependence is smooth, except for near those d sz . 
For an optimal coupling it is preferred to choose d s based on Equation (9) and the groove 
depth based on Equation (10). For a 50 |im incident beam, the groove depth is chosen 

1 25 

such that — « = 38 urn . 

a 0.68 

[0045] This invention also encompasses a method for using a highly reflective 
layer/mask, called a mirror layer/mask, for efficient coupling-in. Simple mathematical 
formulas have been described for: (1) determining the angle of incidence; and (2) 
determining the thickness of the cladding layer between the guiding/core layer and the 
mirror layer, for the highest coupling-in efficiency. 
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[0046] To minimize the light absorbed from the guide mode by the mirror layer, 
the mirror layer should be placed outside of the evanescent tail of the guide mode. Light 
guided in a waveguide has some light (field) that penetrates into the cladding layer and 
the cover layer. The field strength decays exponentially from the interface between the 
guide layer and the cladding (cover) layer. These fields are referred to as evanescent 
waves. "Tail" means that the field is close to zero. This means that: 

K4 n eff- n s 

[0047] One example is given here to demonstrate the performance of above 
implementation. A Gaussian beam of light is incident on a 100-nm thick Ta 2 0 5 
waveguide film from air. The cladding layer is SiO. A gold film is used as the mirror 
layer. The incident beam has a 50 \im full width at the 1/e 2 intensity point. The 
coupling-in grating has a rectangular groove profile and is fabricated on the top of the 
guiding layer, as shown in FIG. 2. The groove depth d G = 20 nm, and the duty cycle = 
50%. At core layer of 100 nm, only one mode, TE 0) can be guided. At the grating region 
the guided mode has an effective index riefr = 1.672. To see the effect of the angle of 
incidence for coupling-in, two gratings differing in groove period are compared in the 
following. 

[0048] First consider a grating with a groove period A = 0.4 jam. At this period 
the angle of incidence for coupling-in is 0i = 5.14°. n s sin0 s = sin(5.14°) = 0.0896 . The 
effective thickness is do = 0.1 1 jim. So the left side of equation (4a) is: 

k 0 (n 0 - sin 0 O • n s sin 0 S ) = lK 2x0,11 (2.09 - 0.8 x 0.0896) = 1.17x2* 
cos# 0 0.633 0.6 

This means the radiated rays (see rays 186, 188, and 190 in FIG. 7) are nearly in-phase. 

[0049] Next consider a grating with a groove period A = 0.28 (am. At this period 
the angle of incidence for coupling-in is 0j = -36.05°. n s sin0 5 = sin(-36.05°) = -0.5885 . 
So the left side of equation (4a) becomes: 

k 0 -^—(n 0 - sin0 o • n 5 sin0 s ) = lK 2xQ ' U (2.09 + 0.8 x 0.5885) = 1.48 x In . 
cos# 0 0.633 0.6 

This means that the radiated rays are almost out of phase. 
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[0050] FIG. 21 shows the calculated coupling-in efficiency as a function of 
cladding layer thickness for groove period A = 0.4 jam and 0.28 }im. Evidently, a grating 
with period of 0.4 jam has a 12% higher coupling-in efficiency than that of a grating with 
a period of 0.28 jam. Actually, an even higher efficiency can be obtained if Equation (4a) 
is fully satisfied. The theoretical upper limit for in-phase coupling-in efficiency is 81%. 

[0051] The waveguides of this invention can be used in magneto-optic recording 
heads, and/or in optical recording applications in which a magnetic field is not needed, 
such as write once and phase change recording, or where an external magnet could be 
positioned below the substrate, such as in magneto-optic recording. Alternatively, these 
structures could potentially be useful in a probe storage application or any other 
application in which light is coupled into a waveguide. 

[0052] In one aspect, this invention provides optical waveguides that include a 
highly reflective layer/mask, called mirror layer/mask, into the waveguide for efficient 
coupling-in. When used in a recording head, the mirror layer/mask is first coated on the 
slide where the waveguide film will be coated. By choosing suitable parameters, such as 
the angle of incidence, corrugation, groove depth, and thickness of cladding layer 
between the mirror layer and the guiding layer, highly efficient coupling-in can be 
obtained. 

[0053] This invention encompasses a method of coupling electromagnetic 
radiation into optical waveguide including a core guiding layer, a cladding layer 
positioned adjacent to the core guiding layer, a reflective layer positioned adjacent to the 
cladding layer, and a grating for coupling light into the core guiding layer, the method 
comprising: directing electromagnetic radiation onto the grating to create a guided mode 
in the guiding layer, wherein the radiated rays from the guided mode into the cladding 
layer are preferably in-phase or have a phase difference of multiple 2n. 

[0054] This invention also encompasses a method of coupling electromagnetic 
radiation into optical waveguide including a core guiding layer, a cladding layer 
positioned adjacent to the core guiding layer, a reflective layer positioned adjacent to the 
cladding layer, and a grating for coupling light into the core guiding layer, the method 
comprising: directing first and second rays onto the grating, wherein the first and second 
rays are in phase with each other and wherein the cladding layer has a thickness such that 
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the first ray reflected from the reflective layer is phase matched to the second ray at the 
grating. 

[0055] While the invention has been described in terms of several examples, it 
will be apparent to those skilled in the art that various changes can be made to the 
disclosed examples, without departing from the scope of the invention as set forth in the 
following claims. 
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